



Carbon dioxide (CO2) efflux from soil represents one of the biggest ecosystem carbon (C) fluxes 2 
and high-magnitude pulses caused by rainfall make a substantial contribution to the overall C 3 
emissions. It is widely accepted that the drier the soil, the larger the CO2 pulses will be, but this 4 
notion has never been tested for water-repellent soils. Soil water repellency (SWR) is a common 5 
feature of many soils and is especially prominent after dry periods or fires. An important 6 
unanswered question is to what degree SWR affects common assumptions about soil CO2 7 
dynamics. To address this, our study investigates, for the first time, the effect of SWR on the CO2 8 
pulse upon wetting for water-repellent soils from recently burned forest sites. CO2 efflux 9 
measurements in response to simulated wetting were conducted both under laboratory and in 10 
situ conditions. Experiments were conducted on strongly and extremely water-repellent soils, 11 
with a wettable scenario simulated by adding a wetting agent to the water. CO2 efflux upon 12 
rewetting was significantly lower in the water-repellent scenarios. Under laboratory conditions, 13 
CO2 pulse was up to four times lower under the water-repellent scenario as a result of limited 14 
wetting, with 70% of applied water draining rapidly via preferential flow paths, leaving much of 15 
the soil dry. We suggest that the predominant cause of the lower CO2 pulse in water-repellent 16 
soils was the smaller volume of pores in which the CO2 was replaced by infiltrating water, 17 
compared to wettable soil. This study shows that SWR should be considered as an important 18 
factor when measuring or predicting the CO2 flush upon rewetting of dry soils. Although this 19 
study focused mainly on short-term effects of rewetting on CO2 fluxes, the overall implications of 20 
SWR on physical changes in soil conditions can be long lasting, with overall larger consequences 21 
for C dynamics. 22 
 23 





Highlights:  27 
 CO2 pulse upon wetting was markedly lower under water-repellent conditions. 28 
 70 % of water applied to water-repellent soils quickly drained out of the samples. 29 
 Most pores in water-repellent soils were not filled with water upon wetting.  30 
 Low refilling of air-filled pores upon wetting resulted in a low CO2 pulse.  31 
 32 
1. Introduction 33 
Carbon dioxide (CO2) emissions from soils represent the largest terrestrial carbon (C) flux to the 34 
atmosphere (Longdoz et al., 2000). Given that soil moisture is one of the main controllers of the 35 
soil C efflux (Davidson and Janssens, 2006; Moyano et al., 2013), there is great concern that 36 
alteration of precipitation patterns due to climate change could result in a reduction of soil C 37 
storage and an increase in emissions (Falloon et al., 2011). Drought periods followed by heavy 38 
rainfall events have already become more frequent and extreme in many regions (Coumou and 39 
Rahmstorf, 2012; Trenberth et al., 2014). Extended dry periods result in severe reduction of soil 40 
moisture vital to sustain many aspects of soil functioning (IPCC, 2018). Lack of available water in 41 
soil pores reduces microbial activity and root respiration rates (Moyano et al., 2013; Or et al., 42 
2007), resulting in overall low soil CO2 efflux to the atmosphere.  43 
Rewetting of dry soils has been associated with a sudden, large pulse of CO2 to the atmosphere 44 
known as the ‘Birch effect’ (Birch, 1958), recognised as a key contributor to soil C losses and 45 
representing a large fraction of the overall C flux (Leon et al., 2014; Smith et al., 2017). This CO2 46 
pulse is believed to originate predominantly from a rapid restoration of microbial respiration 47 
caused by microbial biomass growth (Waring and Powers, 2016) and activation of extracellular 48 
enzymes (Fraser et al., 2016; Smith et al., 2017) as water availability increases pore connectivity 49 
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and mobilizes previously unavailable C (Kim et al., 2012; Marañón-Jiménez et al., 2011; Schimel, 50 
2018). Part of the rewetting CO2 pulse is assigned to degassing of air-filled pores as CO2 is often 51 
stored in the available pore-space and not always released instantly (Maier et al., 2011). Several 52 
factors influence the size of this wetting pulse. Low soil moisture prior to wetting as a result of 53 
longer and more intense drying periods has been linked to an increase in the size of the CO2 pulse 54 
(Meisner et al., 2017), while the rewetting of soil at optimum moisture levels results in smaller 55 
pulses (Muhr and Borken, 2009). The size of the CO2 pulse is expected to increase with larger 56 
wetting intensities, i.e., rate and amount of water added (Lado-Monserrat et al., 2014; Muhr and 57 
Borken, 2009; Sponseller, 2007) as well as with lower frequencies of the drying-wetting cycles 58 
(Christensen and Prieme, 2001; Fierer and Schimel, 2002). Several reviews have specifically 59 
focused on the Birch effect, addressing the effects of drying and rewetting on CO2 fluxes and C 60 
mineralization (Jarvis et al., 2007; Muhr and Borken, 2009), rewetting effects on CO2 fluxes (Kim 61 
et al., 2012) and modelling the CO2 efflux from responses to moisture changes (Moyano et al., 62 
2013; Vicca et al., 2014).  63 
A few studies have reported unexpectedly low CO2 fluxes upon rewetting of very dry soil, 64 
speculating that the lack of CO2 flush upon rewetting could be due to soil water repellency (SWR) 65 
(Lado-Monserrat et al., 2014; Muhr and Borken, 2009) reducing water infiltration into the soil. 66 
This explanation may seem reasonable given that SWR is a common feature of dry soil under 67 
permanent vegetation and many drought-affected soils undergo temporal physical 68 
transformation to prevent further moisture loss, which does not readily revert with addition of 69 
water (Schimel, 2018). However, none of the aforementioned studies suggesting that the lack of 70 
CO2 flush upon rewetting is due to SWR actually performed any SWR measurements, so this 71 
explanation remains speculative.  Therefore, a clear research gap exists regarding the effect of 72 
SWR on CO2 efflux upon rewetting, especially given that future climate scenarios, predicting 73 
greater drought and more wildfires, are likely to enhance the development of SWR (Goebel et al., 74 
2011; Muhr and Borken, 2009).  75 
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Very little is known about the effect of SWR on CO2 efflux and how inhibited infiltration will affect 76 
the release of CO2 to the atmosphere. In a field-based study in the UK, Urbanek and Doerr (2017) 77 
focused specifically on the effect of water repellency on CO2 effluxes. They observed lower CO2 78 
effluxes under severe and uniformly distributed SWR than under patchy SWR and moisture 79 
distribution. Soil respiration in water-repellent soils has also been addressed under laboratory 80 
conditions (Goebel et al., 2007; Goebel et al., 2005), but the few prior studies focused on overall 81 
CO2 emission rates, rather than CO2 emissions rates occurring during rewetting events. 82 
Furthermore, relatively little is known about the effect of the first rainfall on CO2 emissions from 83 
fire-affected soils. Fire is known to enhance SWR at or below the soil surface (Mataix-Solera et al., 84 
2011; Moody et al., 2013; Shakesby and Doerr, 2006) simultaneously it has a direct effect on 85 
carbon pools (Amiro et al., 2003; Bond-Lamberty et al., 2007; Meigs et al., 2009) and reduces 86 
microbial activity due to sterilization (Mataix-Solera et al., 2009). The first post-fire rainfall event 87 
will play a major role in activating the recovery of soil respiration. Similar to unburnt soil, the 88 
wetting of recently burned soil has been shown to induce a short-lived CO2 pulse (Castaldi et al., 89 
2010; Marañón-Jiménez et al., 2011; Pinto et al., 2002; Vargas et al., 2012), which is possibly 90 
enhanced by the input of nutrients from scorched plant material and/or ash (Concilio et al., 2006; 91 
Marañón-Jiménez et al., 2011).  92 
Although water repellency is a common feature of fire-affected soils (Shakesby and Doerr, 2006), 93 
there is a clear lack of understanding of how SWR may affect soil CO2 effluxes from burnt soils. 94 
Areas affected by recent fire are likely to exhibit water repellency and combined with their lack of 95 
surface vegetation during the initial post-fire period, provide ideal conditions for isolating the 96 
effects of SWR on the Birch effect. Therefore, the aim of our study was to test the hypothesis that 97 
SWR suppresses CO2 effluxes upon wetting of burnt soils. The objectives were to: I) compare the 98 
CO2 response to wetting under wettable and water-repellent scenarios at the core (cm) scale 99 
under controlled laboratory conditions; II) examine the CO2 responses to wetting in relation to 100 
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SWR and changes in soil moisture and III) validate the CO2 response to wetting under field 101 
conditions.  102 
 103 
2. Research design and methods 104 
This study comprises a series of wetting experiments and CO2 efflux measurements on water-105 
repellent soils in fire-affected areas: i) under laboratory conditions on intact core soil samples and 106 
ii) in situ under field conditions.  Soil sampling and in situ measurements were carried out at two 107 
sites within a recently burned forest in October 2017, two months after a wildfire and before the 108 
first major rainfall in the area. Fire severity at the study site was classified by the European Forest 109 
Fire Information System (EFFIS, 2017) as moderate to high. Field observations during the first 110 
month after the fire revealed that consumption of the tree crowns as well as of the litter layer 111 
were generally complete, and that the ash layer was predominantly black. Both sites are located 112 
in Central Portugal in Vale das Casas, 7 km South East of the municipality of Vila de Rei and were 113 
affected by the same wildfire event in August 2017. A field survey and soil profile description 114 
revealed that the predominant soil type of the study site was an arenic skeletic Regosol (FAO, 115 
2014), derived from sedimentary sandstone. The climate in the area is classified as hot-summer 116 
Mediterranean, with annual precipitation of 900 mm y-1, average air temperature of 14 °C (with 117 
maximum and minimum air temperatures of 42 °C and -1 °C, respectively) and wind direction 118 
predominantly NW. To be able to assess the hydrological effect of differing topographies on the 119 
CO2 pulse after wetting, site 1 is located in a burnt pine forest (Pinus pinaster) on flat terrain, 120 
while site 2 is located in a pine-dominated (Pinus pinaster) forest with some eucalyptus (E. 121 
globulus) on a slope (approx. 30°, facing ESE) (Table 1). At site 1, the ~2 cm layer of black ash was 122 
retained untouched with only the pine needles removed from the surface; hence this site is called 123 
burnt with ash (BwA). At site 2, both the pine needles and the layer of back ash (~2 cm thick) 124 
were brushed off the surface, exposing the bare soil to simulate the removal of the ash layer by 125 
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wind erosion. Including a bare soil (BnoA) in the experimental design helps to understand the 126 
influence of an ash layer on wetting and CO2 efflux.  Air temperature during sampling and field 127 
measurements ranged between 23 and 31°C with the exception of the 15th October, which 128 
coincided with measurements in the BwA site plot 4, when temperatures reached up to 37°C. 129 
Individual intact cores and field plots were subjected to one of two rewetting treatments: water 130 
only, to observe the response of water-repellent soils, and water mixed with a wetting agent 131 
(Revolution®, Aquatrols, 1:42) to alleviate water repellency, thus simulating wettable soil. 132 
Preliminary tests confirmed that the addition of the wetting agent itself did not affect microbial 133 
activity in the soil (Lewis, 2019). All samples were rewetted from above to simulate a rainfall 134 
event. In the laboratory, effluxes were monitored from above and below the soil sample in order 135 
to capture movement of CO2 in both directions. 136 
 137 
2.1 Laboratory methods 138 
Intact cores (8 cm diameter, 5 cm height) were collected from both study sites near the in situ 139 
measurement plots. Fifteen soil cores were collected from each site along a 12 m transect (3 140 
cores × 5 sampling points) from 0 - 5 cm depth in metal cylinders. Pine needles were removed 141 
from the surface before sampling in the BwA site, leaving the ash layer (~2 cm) on the surface. 142 
Pine needles together with the ash layer were removed from the surface in the BnoA site, 143 
exposing the mineral soil before sampling (Fig. 1). After sampling, plastic caps were immediately 144 
fitted to the cylinders to preserve soil moisture which were then thereafter stored at 4 °C. Prior to 145 
the wetting experiments, the samples were equilibrated at 20 °C for 24 h. 146 
The cores were rewetted from above using a custom-made rainfall simulator fitted between the 147 
soil collar and the CO2 flux chamber. The rainfall simulator comprised one spiral tube with 148 
uniformly distributed drips, to ensure spatially uniform wetting, suspended 1 cm above the soil 149 
surface and connected via a tube to a large syringe to supply water.  All cores received one single 150 
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and uniform wetting event of 25 mm with an intensity of 100 mm h-1. The amount of water 151 
applied to soil cores was equivalent to 80 % of water-filled pore-space (WFPS) and the duration of 152 
wetting was approximately 15 min. WFPS was calculated individually for each core by dividing 153 
volumetric water content by pore space. Pore space (PS) was obtained from soil bulk density (dB) 154 
as follows:  PS = (1 – dB dp-1) × 100; assuming a particle density (dp) = 2.65 g cm-3 (Blake, 2008).  155 
Water retention was measured as the weight difference in the soil before and after wetting. 156 
Percolation time was determined, and drained water was collected and quantified.  157 
Each core was suspended on a set of collars allowing monitoring of the CO2 concentration in the 158 
chamber above and below the sample during the rainfall simulation, and collection of the drained 159 
water (supplementary Fig. 1). The CO2 concentration was monitored via a 10 cm survey chamber 160 
connected to an infrared CO2 analyser system (IRGA, Li-8100A) from above (Li-COR Inc.) and a 161 
plastic container with a similar headspace connected to a separate IRGA CO2 analyser system 162 
below the sample. A fine mesh was placed under the cores to allow any drainage of water while 163 
holding the core inside the cylinder. The entire system (chambers, rainfall simulator and soil 164 
sample) was sealed to avoid gas leakage. The chamber’s inbuilt pressure vent helped maintain 165 
ambient pressure inside the chamber (supplementary Fig. 1). CO2 effluxes were monitored in 30 166 
min intervals with 1 min for pre and post-purge, over a total of 340 min. Initial CO2 effluxes were 167 
measured before wetting, during the simulated rainfall, which lasted approximately 15 min, and 168 
for 270 min after the rainfall. 169 
Of the three intact cores obtained at each sampling point, two were randomly allocated to one of 170 
the rewetting treatments. The third core was used to determine soil water content (SWC) and 171 
SWR distribution at different depths prior to wetting, following the subsampling method of Liu et 172 
al. (2019) which involved sampling the core in 5 locations at 5 different depths using a small ring 173 
of 1 cm height by 2 cm diameter (supplementary Fig. 2). A custom-made Plexiglas disk (1 cm 174 
height, 7.9 cm diameter) was placed under the soil core to bring the soil upwards. After 175 
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subsampling, the remaining soil was removed from the surface with a knife. This process was 176 
repeated for each cm of the 5 cm depth of the soil cores.  177 
SWR prior to wetting was determined for each of the core’s subsamples following the water drop 178 
penetration test (WDPT) (Doerr, 1998) by applying 3 drops of water to the surface of each 179 
subsample and measuring the infiltration time of each drop. 15 drops in total were applied to 180 
each layer of the core (3 drops × 5 subsampling points per layer). Drops were applied using a 181 
pipette to equalise drop size. Infiltration times were categorised into the following classes (Doerr, 182 
1998): wettable (< 5 s), slightly repellent (5-60 s), moderately repellent (60-600 s), strongly 183 
repellent (600-3600) and extremely repellent (> 3600 s).  184 
SWC of the subsamples was determined by calculating the weight loss of the sample after drying 185 
at 105 °C for 24 h (van Reeuwijk, 2002). The five oven-dried subsamples per layer were combined 186 
into one sample per layer to determine soil organic matter (loss of ignition, Nelson and Sommers 187 
(1996)) and particle size distribution (laser diffraction, Beckman Coulter, Inc.). The remaining 188 
sample was pooled into a single sample and hand sieved through a 25 mm mesh size to 189 
determine stone content (Urbanek & Shakesby, 2009). 190 
 191 
2.2 Field methods 192 
At each study site, four 1 m2 plots were selected along a 12 m transect. At each plot four PVC 193 
collars (12 cm height, 20 cm diameter) were installed, two for measuring soil CO2 efflux and two 194 
others for measuring SWC and soil temperature. Although not ideal, it was necessary to install 195 
SWC and temperature sensors in separate collars than those designated for CO2 monitoring to 196 
avoid soil disturbance and potential changes to the CO2 efflux response. Two SWC and 197 
temperature sensors (ECH2O 5-TM, Meter-Group, USA) were installed horizontally, opposite to 198 
each other at 3 cm below the surface of the mineral soil (supplementary Fig. 3) and monitored 199 
continuously for the duration of the observations. PVC collars were inserted into the soil at least 200 
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24 h before the beginning of the experiments, approximately 8 cm into the soil, leaving an offset 201 
of 3 to 4 cm to place the CO2 analyser chamber and provide a strong seal.  202 
The rainfall simulations were performed using a watering can with the distributor applying one 203 
single and uniform rainfall event of 25 mm at an intensity of 100 mm h-1 during 15 min to 204 
simulate a heavy rainfall event. CO2 efflux was measured using a Li-8100A infrared gas analyser 205 
system with a 20 cm survey chamber (LI-COR, Inc.) before, immediately after wetting and at 15, 206 
30, 60, 90 and 120 minutes after the end of wetting. At each observation time, three 2 min 207 
measurements were taken.  208 
 209 
2.3 Data analysis 210 
The CO2 concentration data obtained was fitted exponentially excluding the first 30 s of 211 
measurements, which is the typical time required to achieve steady mixing inside the chamber 212 
(LICOR, 2010). The following equation (Eq.1) was applied to calculate CO2 efflux as the rate of 213 
change in CO2 concentration released from soil (LICOR, 2010): 214 
Eq.1     215 
Fc = soil CO2 efflux (µmol m-2 s-1), V = volume (cm3), Po = initial pressure (kPa), Wo =initial water 216 
vapour mole fraction (mmol mol-1), S = soil surface area (cm2), To = initial air temperature (°C) and 217 
dC’/dT = initial rate of change in water-corrected CO2 mole fraction (µmol mol-1). CO2 efflux data 218 
below R2 ≥ 0.95 were rejected with a total of 1.3 % of total rejected measurements. CO2 flux 219 
graphs were created by calculating the mean flux for each treatment at each measurement time, 220 
along with 95% confidence intervals and standard deviation for laboratory and field graphs 221 
respectively. The estimated CO2 flux pulses under field conditions were calculated proportionally 222 
to the size of the pulse observed under laboratory conditions for the same soil and wetting 223 
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scenario. The Mann-Whitney U-test was applied to test for statistical differences between 224 
wetting scenarios. Statistical differences were accepted at p < 0.05. 225 
Spatial frequency graphs of SWR were obtained by calculating the percentage of WDPT 226 
measurement points per soil depth falling into each WDPT category (Doerr, 1998). The 227 
Kolmogorov-Smirnov two-sample test was applied to determine statistically significant 228 
differences (p < 0.05) in water repellency between the five different depths analysed. A linear 229 
regression analysis was performed between cumulative flux and the change in SWC with wetting 230 
in all soils under field and laboratory conditions. 231 
 232 
3. Results  233 
3.1  CO2 efflux prior to and after wetting 234 
3.1.1 Laboratory measurements 235 
CO2 efflux prior to wetting was very low in all soils under laboratory conditions ranging between 0 236 
and 1 µmol m-2 s-1 (Fig. 2). CO2 effluxes increased immediately in response to the simulated 237 
rainfall. The CO2 pulse under water-repellent conditions (orange line in Fig. 2) was significantly 238 
lower in both soils (p = 0.024, p = 0.005 in the BwA and BnoA respectively) compared to wettable 239 
conditions, but the duration of the peak was relatively similar. The effluxes decreased rapidly with 240 
the end of wetting and stabilized at approximately 10 to 15 min after wetting, remaining at a 241 
constant value until the end of the observation (4.5 h after wetting). The CO2 effluxes were 242 
slightly above pre-wetting values by the end of the observation period, but <1 µmol m-2 s-1 in all 243 
cases. The CO2 efflux observed below the sample was very close to the pre-wetting values and no 244 
significant CO2 response to the wetting event was observed. 245 
The mean size of the CO2 pulse, under water-repellent conditions, was <1.5 µmol m-2 s-1, whereas 246 
peaks nearly 4 times higher were observed under wettable conditions (4.4 and 5 µmol m-2 s-1 in 247 
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the BnoA and BwA soil respectively). Similarly, the cumulative efflux from soil under water-248 
repellent conditions was half (9 and 10 µmol m-2 s-1 in the BnoA and BwA) of that measured under 249 
wettable conditions (20 and 22 µmol m-2 s-1 in the BnoA and BwA; p = 0.005, p = 0.024 250 
respectively) (Fig. 3). The overall cumulative CO2 efflux upon wetting was proportional to the 251 
change in SWC, as shown in Fig. 4. 252 
 253 
3.1.2 Field measurements 254 
Under field conditions, the CO2 efflux prior to wetting was low, ranging from 0.98 to 2.1 μmol m-2 255 
s-1 in the BwA and BnoA soil respectively. An increase in the CO2 efflux was observed in response 256 
to wetting, but the CO2 efflux decreased steadily after the wetting stopped. At both sites and for 257 
both water-repellent and wettable scenarios, the CO2 efflux remained above pre-wetting values 258 
by the end of the observations (120 min after the start of wetting) and no significant differences 259 
were observed between wetting scenarios at the end of the observations.  260 
The observed CO2 efflux peak was especially high in the BwA plots, reaching values of 12 μmol m-2 261 
s-1  for the water-repellent scenario and 17 μmol m-2 s-1  for the wettable scenario. The CO2 efflux 262 
in response to wetting observed in the BnoA soil was lower than in the BwA soil, reaching values 263 
of 5 and 4 μmol m-2 s-1 under wettable and water-repellent scenarios respectively. The duration 264 
of the pulse was shorter in the BnoA soil, lasting only up to 30 min after the start of wetting (Fig. 265 
5).  266 
Field in situ experiments allowed CO2 efflux measurements only after the rainfall simulations. The 267 
estimated CO2 pulse reached lower values under water-repellent (12 and 6 μmol m-2 s-1 in the BwA 268 




The size of the CO2 pulse, calculated as the difference between the peak efflux and the average 271 
efflux prior to wetting, was higher, although not significantly, under wettable (5 and 16 μmol m-2 272 
s-1 in the BnoA and BwA site respectively) compared to water-repellent conditions (4 and 12 μmol 273 
m-2 s-1 in the BnoA and BwA site respectively) (p = 0.074, p = 0.124 in the BwA and BnoA, 274 
respectively, between wettable and water-repellent conditions) (Fig. 3). Overall, the field-scale 275 
cumulative efflux (Fig. 3), which included the height and the duration of the peak, was lower, but 276 
not significantly, under water-repellent conditions, with average values ranging between 107 and 277 
71 μmol m-2 s-1 in the BwA and BnoA respectively (p = 0.074, p = 0.282); while the cumulative 278 
efflux under wettable conditions oscillated between 126 and 75 μmol m-2 s-1 in the BwA and BnoA 279 
respectively.  280 
 281 
3.2 Water repellency distribution prior to wetting 282 
All soils exhibited SWR prior to wetting, but its distribution varied strongly with soil depth and the 283 
presence of ash (Fig. 6). At the surface layer (0 - 1 cm depth) in the BwA soil, 64 % of measured 284 
points, directly on the ash layer, were water-repellent (WDPT > 5 s); while for BnoA, water 285 
repellency was significantly higher than in the BwA soil (p < 0.001) with 100 % of sample points 286 
classified as water-repellent of which 80 % were in the extreme SWR class (WDPT > 3600 s) (Fig. 287 
6).  288 
In the BwA soil, similar SWR distribution to the surface layer was observed in the 1 - 2 cm depth 289 
layer (62 % of points water-repellent), but further down, at 2 - 3 cm depth, SWR increased 290 
significantly (p = 0.01) with up to 88 % of points classified as water-repellent. The percentage of 291 
SWR decreased with depth, reaching 60 % of points classified as water-repellent at the 4 - 5 cm 292 
depth. It is worth noting that although the overall percentage of water-repellent soil was the 293 
highest at 2-3 cm depth, the percentage of soil in the extreme water-repellent class was the 294 
highest (47 %) at 4 - 5 cm depth in comparison with the lowest percentage (19 %) at 1 - 2 cm 295 
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depth. Slightly different patterns of SWR distribution with depth were observed in the BnoA soil, 296 
where the percentage of SWR decreased steadily and significantly with depth (from 95 % at 1 - 2 297 
cm to 45 % at 4 - 5 cm depth; p < 0.001 in all cases), with a proportional decrease in the 298 
percentage of extreme water-repellent points (from 50 % at 1 – 2 cm to 28 % at 4 - 5 cm depth).  299 
An exception was found between 3 - 4 and 4 -5 cm depth were the difference in SWR distribution 300 
was not significant (p = 0.68). 301 
 302 
3.3 Soil moisture prior to and after wetting 303 
3.3.1 Laboratory measurements 304 
Prior to wetting, all soils under wettable and water-repellent conditions (0 - 5 cm) were very dry, 305 
with mean SWC (vol.) values below 2 % and 4 % for BwA and BnoA respectively (Table 2). Upon 306 
wetting, SWC increased by 16 % and 8 % for BwA and BnoA soils respectively in the water-307 
repellent scenario, while in the wettable scenario, the observed SWC change was significantly 308 
higher (p < 0.001) increasing by 47 % in BwA soil and 33 % in BnoA soil (Table 2). In this laboratory 309 
set up, water was able to drain out of the soil samples, resulting in 76 and 82 % (BwA and BnoA 310 
respectively) drainage in the water-repellent scenario, starting within 3 minutes of the start of 311 
wetting. Drainage was significantly lower under wettable conditions with only 14 % and 36 % 312 
(BwA and BnoA, respectively) beginning at approximately 9 min after the start of wetting (Table 313 
3).  314 
SWC within the intact cores before wetting was low and rather uniformly distributed, falling 315 
within the 0 - 10 % SWC class. Wetting resulted in a significant increase in SWC at all soil depths 316 
under both water-repellent and wettable scenarios (p < 0.001) (6), except at 2 - 3 cm depth in the 317 
BnoA soil. The difference in SWC after wetting was especially pronounced in the BwA soil, where 318 
surface SWC (0 - 1 cm depth) under water-repellent conditions was nearly half that under 319 
wettable conditions for the same depth (Fig. 7 A and B). The difference in SWC in the BwA site is 320 
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more pronounced with depth, with SWC approximately 3 times lower under water-repellent 321 
conditions. The distribution of SWC after wetting was highly variable (Fig. 8) and larger variation 322 
was observed under water-repellent conditions (coefficient of variation, CV = SD Mean-1, ranging 323 
from 67 to 84 % and 39 and 73 % in the BwA and BnoA soil respectively).  324 
 325 
3.3.2 Field measurements 326 
The wetting experiments in the field resulted in infiltration into all soils under both water-327 
repellent and wettable scenarios, with an increase in SWC observed in all plots. However, 328 
depending on the wetting treatment, the change in SWC was very variable. SWC in the soil 329 
wetted with water increased significantly by 14 and 16% in the BwA and BnoA with respect to 330 
pre-wetting values (p < 0.001). The soil wetted with the wetting agent reached significantly higher 331 
SWC values (p = 0.035) than in the water-repellent scenario, resulting in a significant increase in 332 
SWC of 17 % and 23 % in BwA and BnoA with respect to pre-wetting values (p < 0.001) (Table 2). 333 
Infiltration differed between the sites. In the BwA, on flat terrain, 100 % infiltration was observed 334 
in both collars, those wetted with water and those with water and a wetting agent. While at the 335 
BnoA site, situated on a 30° slope, 100 % infiltration was also observed under wettable conditions 336 
whilst under water-repellent conditions, 65 % of the total water added infiltrated into the soil 337 
with the remaining 35 % transformed into overland flow and leaving the respiration collar 338 
without infiltrating. 339 
 340 
4 Discussion 341 
The first significant wetting after the fire, simulated in the experiment, resulted in a distinct CO2 342 
pulse under both field and laboratory conditions, but the magnitude of the peak strongly 343 
depended on the type of wetting scenario and the presence of ash on the soil surface.  344 
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The CO2 pulse was observed during and immediately after wetting under the wettable scenario, 345 
whereas wetting of water-repellent soils showed significantly lower peaks, especially in the 346 
laboratory experiment (Fig. 3). Under water-repellent conditions, the applied water initially 347 
ponded on the surface due to extreme water repellency inhibiting uniform infiltration, but then 348 
percolated quickly through the sample, within 3 min after the start of wetting, with up to 70 % of 349 
applied water draining out of the soil (Table 3). Such behaviour is very typical for water-repellent 350 
soil and has been commonly observed by others under field (e.g. Leighton-Boyce et al., 2007) or 351 
laboratory conditions (e.g. Urbanek and Shakesby, 2009; Urbanek et al., 2015) in fire-affected as 352 
well as unburnt water-repellent soils. This quick percolation resulted in a limited replacement of 353 
air in air-filled pores by water in the soil matrix and hence a low CO2 pulse. The very low SWC in 354 
many areas of the soil samples after wetting (Fig. 7 and 8) supports this interpretation. We expect 355 
that movement of water via preferential flow paths resulted in a fractured distribution of SWC, 356 
and areas of water-filled pores were adjacent to areas of air-filled pores. It is likely that 357 
preferential infiltration increased the pore pressure along the wetting path and facilitated gas 358 
movement to air-filled pores of lower pore pressure. These aeration channels within the soil 359 
matrix would facilitate gas exchange between the soil matrix and the atmosphere. Smith et al. 360 
(2017) argued that hydraulic connectivity at the pore-scale is an important factor affecting CO2 361 
dynamics after wetting, based on the observation that cumulative CO2 efflux was higher when 362 
larger pores where connected first, during a rainfall event, as opposed to smaller pores filling 363 
first, for example, during capillary rise wetting. 364 
Under a wettable scenario, the even increase in SWC throughout the samples suggests that the 365 
wetting front moved relatively evenly downwards, refilling most soil pores with water, resulting in 366 
the much higher CO2 pulse observed (Fig. 4).  367 
The wetting experiment under field conditions confirmed the observations from the laboratory. 368 
The CO2 pulses were much higher here, but the differences between the wettable and water-369 
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repellent scenarios were slightly less distinct. Furthermore, the differences between the CO2 370 
pulses from soil in flat terrain with the ash remaining (BwA) and the site on the slope with the ash 371 
removed (BnoA) were very significant.  372 
The observed overall larger CO2 fluxes in the field experiment would be expected because of the 373 
larger pore volume of the whole soil profile in comparison to the shorter soil sample cores used in 374 
the laboratory. Other studies observed similar (Castaldi et al., 2010; Marañón-Jiménez et al., 375 
2011; Vargas et al., 2012), or even higher (Marañón-Jiménez et al., 2011) CO2 peaks from field 376 
rainfall simulations, presumably because of the deeper soil profiles, compared to the shallow soils 377 
present at our study sites. 378 
The actual CO2 pulses in the field were likely to have been even higher than what we measured as 379 
it was not possible to measure the CO2 flux during the wetting and hence measurements started 380 
only after the addition of water was completed. Indeed, the laboratory experiments showed the 381 
largest peak to occur during the wetting, suggesting that the actual peak in the field experiment 382 
might have been twice as high (as shown in the Fig. 5). We expect that this large peak during the 383 
rewetting is also often not captured in other field studies because of limitations in the frequency 384 
of measurements when using automated soil CO2 flux monitoring systems or due to other 385 
methodological challenges during rainfall events when measuring with the long-term eddy 386 
covariance techniques.   387 
In the field wetting experiment, very distinct differences in CO2 flux responses were observed 388 
between the study sites. BwA exhibited much higher CO2 peaks with a distinct difference between 389 
wetting scenarios, while BnoA had much lower CO2 peaks and no significant differences between 390 
wettable and water repellent scenarios.  391 
We expect that the presence of ash contributed to the magnitude of the pulse for a range of 392 
reasons. The ash layer remaining on the surface was able to absorb and retain substantially more 393 
water (Table 2) than the mineral soil underneath.  A higher volume of refilled pores would have 394 
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resulted in larger CO2 pulses. The presence of an ash layer also affected the SWR distribution (Fig. 395 
6) and consequently the infiltration and the water distribution pattern (Fig. 7 and 8). In BwA, the 396 
first 2 cm of the soil only 60 % of points exhibited water repellency as opposed to the top mineral 397 
layer, which showed up to 100 % of water-repellent points (Fig. 6). Water-repellent ash has been 398 
observed after low severity fires and is mainly related to the organic C content of the samples 399 
but, in most cases, wildfire ash has been observed to be wettable (see review by Bodí et al., 400 
2014). Depending on its initial wettability, the incorporation of ash into the soil matrix can 401 
enhance or reduce SWR (Bodí et al., 2011). Such patchy distribution of SWR suggests that water 402 
infiltration was irregular, possibly even favouring a rapid gas exchange between the soil and the 403 
atmosphere. Urbanek and Doerr (2017), who investigated the effect of water repellency on CO2 404 
efflux, suggested that patchy SWR can provide very favourable conditions for soil respiration and 405 
gas diffusion, because water-repellent zones can create aeration channels adjacent to infiltration 406 
paths, in which gas exchange is stimulated.    407 
Another potentially important contribution to the CO2 pulse might result from abiotic processes 408 
such as the chemical reaction of carbonates with wetting. Calcium carbonate produced from the 409 
burning of organic matter at high temperatures is commonly observed in wildfire ash (Bodí et al., 410 
2014; Dlapa et al., 2013; Pereira et al., 2012). Carbonates are known to contribute substantially to 411 
CO2 fluxes in calcareous soils (Bertrand et al., 2007; Serrano-Ortiz et al., 2010) or to the rapid 412 
flush of CO2 with wetting observed during the incubation of biochar in soil (Bruun et al., 2014). 413 
However, in this case, the addition of acid to the ash suggested low to no presence of carbonates. 414 
We therefore expect that the contribution to CO2 flux from carbonates in the ash layer was 415 
negligible. Further studies would be beneficial to understand the role of ash on CO2 emissions 416 
from soil, with a special focus on the specific contribution of ash to CO2 fluxes after the fire. 417 
It was surprising to find very low CO2 pulses after wetting of soils at BnoA, and much lower (p = 418 
0.172) differences between the wettable and water-repellent scenarios. We expect that the 419 
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removal of ash was the main reason for the low CO2 pulses, but we anticipate that the slope of 420 
the study site also contributed to it. Increased overland flow is commonly recognized in post-fire 421 
environments on slopes where SWR inhibits infiltration, sometimes causing mass movement of 422 
the remaining ash down the slopes (Bodí et al., 2012). It was observed (although not shown in the 423 
results) that simulated wetting directly on completely water-repellent mineral soil resulted in 424 
overland flow, but this was partially blocked by the soil collar and caused ponding of water at the 425 
lower part of the collar. We expect some concentrated infiltration occurred at the lower part of 426 
the collar resulting in the infiltration and the main gas exchange occurring outside of the collar, 427 
which was not captured in the measuring chamber.  428 
The duration of the peak we have observed is relatively short, but it is in line with other studies 429 
(Marañón-Jiménez et al., 2011; Munson et al., 2010; Rey et al., 2017; Sponseller, 2007; Wang et 430 
al., 2016). For example, Rey et al. (2017), during a field study observed CO2 effluxes peaking only 431 
15 minutes after wetting during in situ rain manipulation experiments. The short duration of the 432 
peak could suggest that the flush of CO2 is mainly caused by degassing (Inglima et al., 2009; Liu et 433 
al., 2002), with water refilling the air-filled pores and displacing the CO2-rich air previously stored 434 
in the pore space (Maier et al., 2011; Schymanski et al. 2017). Although the input of sudden 435 
increase in microbial respiration cannot be fully excluded, we suspect that it had a rather low 436 
contribution to this initial CO2 pulse, as fire suppresses microbial activity due to sterilization 437 
(Mataix-Solera et al., 2009), along with low microbial respiration caused by lack of available water 438 
(Göransson et al., 2013). We expect that the wetting patterns caused by water repellency will 439 
have long lasting implications on the overall recovery of soil respiration, an area that warrants 440 
attention in future studies.   441 
Although this study focused mainly on the short-term and immediate effects of rewetting of post-442 
burn soils on CO2 efflux, we anticipate that the overall impact of fire on physical changes to soil 443 
conditions are rather long lasting. Fire is known to change the overall C flux system from a sink to 444 
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a source of CO2 (Irvine et al., 2007). These so-called ‘hot moments’, with sudden short-lived but 445 
high-magnitude spikes in C release from soil, can have a cumulative effect after rainfall events 446 
and make up a substantial fraction of the annual C balance (Leon et al., 2014; Smith et al., 2017). 447 
In our study, the CO2 peak accounted for 78% of the total CO2 released during the observation in 448 
both BwA and BnoA soil under wettable conditions. Schymanski et al. (2017) reported a CO2 flush 449 
of similar magnitude when rewetting a sterilised soil, as a result of physical replacement of CO2 by 450 
water, as when rewetting natural soils under field conditions. In a longer observation, Castaldi et 451 
al. (2013) quantified that the pulse of CO2 in burnt soils, which peaked during the first day after 452 
water addition, accounted for about 50% of the total CO2 emissions over a 15-day observation 453 
period. Marañón-Jiménez et al. (2011) observed during an in situ rewetting study of recently 454 
burned soil that up to 64% of the total CO2 released during the first 2 hours after wetting was 455 
related to degasification of CO2-rich air in soil pores. Similarly, Maier et al. (2010) showed that 456 
during extreme rainfall events, up to 20% of the total flux originated from CO2 stored in the pore-457 
space prior to the wetting event. While the degassing effect with wetting is short-lived, on the 458 
scale of minutes to hours after wetting, overlooking the release of previously stored CO2 might 459 
result in overestimations of the contribution of microbial mineralization to the Birch effect. 460 
The longer-term effects of preferential infiltration on microbial respiration are still not fully 461 
understood and future studies should aim at incorporating the dynamic alterations in soil 462 
hydraulic functions as a result of SWR (Robinson et al., 2019). Most soils show some degree of 463 
repellency, however, models are still limited in their ability to include spatial variability of water 464 
content and, when calculating C fluxes, represent only average changes in soil moisture. 465 
It is also important to keep in mind that SWR is not only a feature of burnt soils, extreme water 466 
repellency is also commonly observed in dry, unburnt soils (Doerr et al., 2000). Under our 467 
changing climate, a higher frequency and intensity of droughts followed by large rainfall events is 468 
expected. Water repellency is, therefore, likely to become more common and severe (Goebel et 469 
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al., 2011). Although the current study was carried out on fire-affected soils, we anticipate that a 470 
similar CO2 efflux behaviour of dry soils in response to rainfall can be expected in any soils 471 
affected by water repellency. How common and distinct this behaviour is, however, remains to be 472 
confirmed by further studies.  473 
 474 
5. Conclusions   475 
Our study, which focused on investigating the effect of water repellency on CO2 efflux upon 476 
rewetting of recently burned soils, has confirmed that SWR does reduce the Birch effect. Both 477 
laboratory and field-based experiments showed that infiltration and percolation patterns in 478 
water-repellent soils were concentrated along preferential flow paths, resulting in substantial 479 
drainage of applied water and very low rewetting rates of the soil matrix. The smaller the overall 480 
changes were in SWC, the lower the cumulative efflux from the soil was, suggesting that 481 
concentrated flow in water-repellent soils results in smaller volumes of CO2-filled pores replaced 482 
by water and a lower Birch effect. The study has also shown that the ash layer remaining on the 483 
surface of burnt soils contributed substantially to the overall CO2 flush upon rewetting, most 484 
likely due to its higher absorption and retention rates than the mineral soil. 485 
Although this study focused mainly on the short-term and immediate effect of rewetting of burnt 486 
soils on CO2 efflux, which is predominantly caused by soil degassing, the overall implications of 487 
fire with regards to physical changes in soil conditions can be expected to be long lasting. Given 488 
that fire overturns the overall C flux system from a sink to a source of CO2, the short-lived but 489 
high-magnitude spikes in C release from soil after rainfall are likely to make up a substantial 490 
fraction of the annual C balance.  It is therefore important to consider SWR as an important factor 491 
affecting the rewetting patterns of soil and reducing the CO2 efflux when calculating and 492 
predicting overall C fluxes between soil and the atmosphere. It is also important to remember 493 
that SWR is not only a feature of burnt soils but also that extreme water repellency is also 494 
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commonly observed in dry, unburnt soils. Therefore, we expect similar behaviour in any soil 495 
affected by water repellency.   496 
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Fig. 1. Example of representative intact core soil surfaces of the two 










Fig. 2. Response of CO2 efflux to wetting, with water (water-repellent scenario) and water mixed with 
wetting agent (wettable scenario), under laboratory conditions of recently burned soils with ash 
(BwA) and with ash removed (BnoA). The orange line and shaded area represent the mean response 
(n = 5) with 95% confidence interval to wetting under the water-repellent scenario and the blue line 
with shaded area represents the mean response (n = 5) with 95 % confidence intervals to wetting 
under the wettable scenario. 
33 
 
Fig. 3. A) Size of the CO2 pulse and B) cumulative efflux after wetting under both field and core-742 
scale in burnt soils with ash (BwA) and ash removed (BnoA) under water-repellent (wetted with 743 
water) and wettable (wetted with water and wetting agent) conditions. Values represent the 744 
mean (n = 4 for field results, n = 5 for core results) with standard error bars. Different lowercase 745 
letters (a-b) within the same site and scale (field vs. core-scale) indicate significant differences 746 







Fig. 4. Relationship between cumulative flux and the change in SWC with wetting under 








Fig. 5. CO2 efflux response to wetting under field conditions for burnt soils with ash (BwA) and with ash 
removed (BnoA). Water-repellent scenario (orange shaded circles) represents wetting with water and 
wettable scenario (blue open circles) represent wetting with water and wetting agent. Missing CO2 peaks 
under wettable and under water-repellent conditions are represented by the blue and orange dashed lines 






Fig. 6. Frequency distribution of SWR represented as the percentage of points for each repellency 
class in recently burned soils with ash layer (BwA) and ash layer removed (BnoA) (n = 75 per soil 








Fig. 7. SWC after wetting with depth. A) Burnt soil with ash (BwA) before wetting, B) BwA under 
wettable scenario, C) BwA under water-repellent scenario, D) Burnt soil with ash removed 
(BnoA) before wetting, E) BnoA under wettable scenario, F) BnoA under water-repellent 
scenario. Central mark indicates the median, bottom and top edges indicate 25th and 75th 
percentiles. Whiskers represent maximum and minimum data points. Outliers are plotted as '+' 
and represent points that are 1.5 times less or greater than the 25th and 75th percentiles 
respectively. Different lowercase letters (a-c) within the same layer and site indicate significant 






Fig. 8. Representative example of SWC distribution after wetting of intact core samples under 
laboratory conditions: a) Burnt soil with ash (BwA) under wettable conditions (wetted with 
water and wetting agent), b) BwA under water-repellent conditions (wetted with water), c) 
Burnt soil with ash removed (BnoA) under wettable conditions (wetted with water and wetting 
agent), d) BnoA under water-repellent conditions (wetted with water). 
b a d c 
0-1 cm 
1- 2 cm 





Table 1. General characteristics of the topsoil (0-5 cm depth) at the two recently burned soils with 765 
ash (BwA) and with ash removed (BnoA). Values are the mean with SD in brackets. The ash layer 766 
in the top 0 – 2 cm of the BwA soil was left untouched for all characterisation analysis. 767 
  BwA BnoA 
Bulk density (n=10) 1.13 (0.11) 1.01 (0.11) 
Stone content (% of total 
weight) 
10.70 (3.85) 23.34 (8.57) 
Texture (n=10) Sandy loam Sandy loam 
% Sand 58.45 (7.49) 55.96 (5.21) 
% Silt 36.28 (6.77) 37.50 (3.83) 
% Clay 5.23 (1.27) 6.54 (1.55) 
% Soil organic matter (SOM) with depth (< 2 mm fraction) (n=20) 
Overall % SOM (0 -5 cm) 8.50 (8.28) 11.34 (7.49) 
0 - 1 cm 23.35 (9.30)  19.45 (1.30) 
1 - 2 cm 10.35 (3.60) 15.44 (0.97) 
2- 3 cm 4.85 (1.79) 8.53 (1.36) 
3 - 4 cm 4.03 (1.33) 9.75 (1.05) 
4 - 5 cm 3.99 (1.61) 7.88 (0.51) 
% Soil water content (at time 
of sampling) 
2.76 (2.22) 7.63 (3.75) 
Surface water drop 
penetration test (s) (n=5) 
2404 (3162) 9509 (5843) 
Surface water repellency 
classification* 
Strongly repellent Extremely repellent 







Table 2. Average SWC (measured volumetrically (% v v-1) in the field and gravimetrically (% g g-1) 772 
in the intact cores) before and after wetting with water (water-repellent scenario) and wetting 773 
with water and wetting agent (wettable scenario). Values are the mean with SD. 774 
  Water-repellent scenario Wettable 
 Soil Before wetting After wetting ΔSWC (%) Before wetting After wetting ΔSWC (%) 
Intact cores 
(n = 10) 
BwA 2.8 (2.2) 19.3 (22.2) 16.5 2.8 (2.2) 49.4 (35.5) 46.7 
BnoA 7.6 (3.8) 15.5 (8.0) 7.9 7.6 (3.8) 41.0 (14.7) 33.4 
In situ (n = 8) 
BwA 1.6 (0.5) 15.8 (2.6) 14.3 1.9 (1.7) 18.5 (5.8) 16.6 








Table 3. Time to drainage (min after the start of wetting) and drainage as a percentage of total 779 
water added under laboratory conditions in burnt soils with ash (BwA) and ash removed (BnoA) 780 
under water-repellent (wetted with water) and wettable (wetted with water and wetting agent) 781 
conditions.  Values are the mean with SD. 782 
 
 
Time to drainage (min) Drainage (%) 
Soil         Water-repellent      Wettable  Water-repellent Wettable 
BwA (n =5) 3.4  (1.3) 12.3 (3.3) 76.3 (19.1) 14.0 (7.5) 
BnoA (n = 
5) 
3.5  (1.9) 8.8 (6.1) 82.8 (12.6) 36.6 (29.0) 
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